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Physical collection and viability 
of airborne bacteria collected 
under electrostatic field 
with different sampling media 
and protocols towards rapid 
detection
Seongkyeol Hong1, Myeong‑Woo Kim1 & Jaesung Jang1,2,3*
Electrostatic samplers have been increasingly studied for sampling of viral and bacterial aerosols, 
and bioaerosol samplers are required to provide concentrated liquid samples with high physical 
collection and biological recovery, which would be critical for rapid detection. Here, the effects of 
sampling media and protocols on the physical collection and biological recovery of two airborne 
bacteria (Pseudomonas fluorescens and Micrococcus luteus) under electrostatic field were investigated 
using a personal electrostatic particle concentrator (EPC). Deionized (DI) water with/without sodium 
dodecyl sulfate (SDS) and phosphate buffered saline were tested as sampling media. A polystyrene 
container was mounted onto the collection electrode of the EPC for stable storage and vortexing 
after capture. Many bacterial cells were found to be deposited on the bottom surface of the container 
submerged in the media via electrophoresis, and among the tested sampling protocols, wet sampling 
with a container and subsequent vortexing offered the most bacteria in the collection suspension. 
Experiments with several sampling media showed that 0.001–0.01% SDS‑DI water demonstrated 
the highest recovery rate in the EPC. These findings would be valuable in the field of sampling and 
subsequent rapid detection of bioaerosols.
Bioaerosols such as airborne viruses and bacteria can be transmitted and spread through the air rapidly and 
widely. These biological particles, especially pathogenic ones, can cause infectious diseases and other adverse 
health  effects1. The identification of airborne biological particles is usually made through air sampling and sub-
sequent analysis, such as cultivation, polymerase chain reaction, immunoassay, etc.2, and most of the bioanalysis 
techniques are performed in the liquid phase. Considering the detection limits of the analysis techniques and 
equipment, an air sampler is highly required to provide concentrated liquid samples from low concentrations 
of biological particles in the air. Furthermore, the physical and/or biological states of the particles need to be 
preserved during sampling, depending on subsequent detection or analytical  methods3.
Physical collection and viability of airborne bacteria depend strongly on their sampling methods. Impactors, 
impingers, and cyclone samplers have been commonly used for sampling of bacterial aerosols. Because these 
samplers are based on the inertial impact of airborne particles, high collection efficiencies can be obtained if large 
sampling velocities are used. However, the mechanical stress caused by the large sampling velocities may result 
in significant damage to the sampled  bacteria4 and even to their  DNAs5. Recently, electrostatic samplers have 
been increasingly studied for sampling of bacterial  aerosols6–13, utilizing electrostatic attraction of pre-charged 
bacterial particles onto wet or dry electrodes. Collection efficiencies of the electrostatic samplers were high for 
a wide range of particle sizes, although they decreased as the sampling velocity increased. In addition, airborne 
biological particles can be highly concentrated into a small amount of liquid using a concentrating electric field 
 configuration14, which may be beneficial for direct and rapid on-site detection of bioaerosols, and low sampling 
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velocities in the electrostatic samplers can provide a basis for high biological recovery of bacteria. Zhen et al.15 
showed that the membrane damage of bacterial cells was the lowest in their electrostatic sampler compared with 
the BioSampler (impinger), BioStage (impactor), and Button Sampler (filter), because of the lowest sampling 
velocity in the electrostatic sampler.
Since bacterial viability is vulnerable to  dehydration3,16,17, wet-phase sampling is usually preferred. Further-
more, it is critical to determine how sampling media on the collection electrode affect sampled bacteria and 
what sampling media may be the most appropriate for sampling of bacteria. Impactors usually utilize moisture-
containing agar plates to collect and culture airborne bacteria, and sampling periods in the impactors should be 
short enough to prevent dehydration of the agar surfaces via air  flow18. Deionized (DI) water and phosphate-
buffered saline (PBS) are commonly used in impingers as sampling  media19, and peptone water with antifoaming 
agents and surfactant such as Tween 80 is used for enhanced cell  collection19,20. Mineral oil could be used for 
long-term stable sampling in impingers to minimize evaporation although extra extraction is  required21. These 
sampling media used in impingers or wet cyclones can also be used as extraction liquids in dry-phase samplers. 
PBS supplemented with antifoam A and surfactant of Triton X-100 was used as an extraction liquid in an elec-
trostatic sampler, and electret  filters3. Sampling media are presumed to play an important role in the wet-phase 
electrostatic sampling of airborne bacteria, since the liquid can also act as an electrolyte and may electrically 
affect the suspended, charged bacteria in the presence of electric field.
In this study, the effects of various sampling media and protocols on physical collection and biological recov-
ery of airborne bacteria under electrostatic field were investigated using the personal electrostatic particle con-
centrator (EPC) and were compared with the standard impinger, BioSampler. The EPC was previously developed 
for the purpose of on-site detection of airborne viruses in conjunction with microfluidics-based22 and paper-
based  sensors23–25. The recovery rate and the concentrations of MS2 and T3 bacteriophages collected in the EPC 
were remarkably higher than those in the BioSampler, which was attributed to sampling velocity three orders of 
magnitude lower in the  EPC26. Here, several sampling characteristics of gram negative (Pseudomonas fluorescens) 
and gram positive (Micrococcus luteus) bacterial aerosols were evaluated using the EPC and the BioSampler.
Results and discussion
Electrophoretic deposition of bacterial cells. Effective capture and detachment of airborne particles 
is critical for electrostatic sampling and subsequent detection. Most electrostatic samplers involve large-area 
collection electrodes to increase collection efficiencies; hence, the collection spots in the samplers are not small 
enough to be conveniently and well vortexed for detachment, and collected liquid samples are forced to flow to 
storage places. In contrast, a small collection container was used in this study, allowing vortexing. Here, four 
sampling protocols for electrostatic sampling and detachment using the EPC were evaluated. They include Wet-
w-cont-NV (Wet sampling with a container (cont), however, no vortexing after the sampling), Wet-w-cont-V 
(Wet sampling with a container and subsequent vortexing), Wet-w/o-cont-NV (Wet sampling on a polyimide 
film attached onto the collection electrode of the EPC instead of a container, and no vortexing), and Dry-w-cont-
V (Dry sampling with a container and subsequent vortexing after buffer injection into the container).
It was observed in this study that many bacteria were attached to the bottom surfaces of the container (Wet-w-
cont-NV) and the polyimide film (Wet-w/o-cont-NV) when no vortexing was applied after electrostatic collection 
(Fig. 1). This was attributed to electrophoresis of charged bacteria in aqueous solutions under the presence of 
electric field. When a charged particle is suspended in an electrolyte, the Coulomb force is exerted on the parti-
cle with the surface charges, whereas the electrophoretic retardation force was applied to the ions in the diffuse 
layer and the drag force is exerted in the opposite direction to the particle’s movement caused by the Coulomb 
force. That is, the particle migrates according to the direction of the electric field and the charges on the surface. 
Mainelis et al.17 also observed similar phenomenon; however, their results were based on colony enumeration 
alone, and the physical deposition of bacteria was not quantified, underestimating the total number of bacteria 
collected under electrostatic sampling.
Influences of sampling protocols. The physical collection efficiencies based on fluorescence micro-
graphs and optical particle counter (OPC) measurements are shown in Fig. 2, and similar trends were observed 
between P. fluorescens and M. luteus. The same plastic containers were used for the three sampling protocols 
using a container, and the total collection efficiencies for the three sampling protocols were lower than that for 
Wet-w/o-cont-NV, which was due to the reduced electric field intensity owing to the plastic containers. Moreo-
ver, the intrinsic collection efficiencies, which consider particle collection within sampling media alone, in the 
EPC were smaller than those in the BioSampler, because of particle losses in the corona charger, which is referred 
to as charging loss, and the electrophoretic deposition of particles on the container, which is referred to as loss 
on the container. The charging losses were observed to be 9.1–14.9%.
It was also observed that the intrinsic collection efficiencies in case of Wet-w/o-cont-NV were higher than 
those in case of Wet-w-cont-NV. This is ascribed to the fact that the pre-charged airborne bacteria strike the 
media first in case of Wet-w/o-cont-NV as the polyimide films on the EPC electrode were fully covered with the 
media. This is different from the other three cases using the containers, where many of the bacteria can strike 
the containers first.
Dry-phase electrostatic sampling has been often used for bacterial  aerosols3,6–8,11,12. In that case, a liquid is 
added onto the collection spot, and a shear force such as vortexing is applied to extract the deposited bacterial 
cells. In this study, both the intrinsic collection efficiencies and relative total bacterial concentrations (RTBCs) of 
the two bacteria, P. fluorescens and M. luteus, were similar between the cases of Dry-w-cont-V and Wet-w-cont-V 
(p > 0.132), except for the collection efficiencies of P. fluorescens (p = 0.046) (Figs. 2, 3a). Moreover, many of the 
airborne bacteria deposited on the containers were re-suspended into the sampling media via vortexing, and 
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hence the amount of intrinsic collection was higher when using a container and subsequent vortexing (Fig. 2). 
Vortexing was needed to detach the bacteria attached to the containers; however, it also affected the recovery 
rate of P. fluorescens, which can be seen from the comparison between Wet-w-cont-V and Wet-w-cont-NV cases.
The recovery rates of the two bacteria in the Dry-w-cont-V case were remarkably lower than those of the 
Wet-w-cont-V case (p < 0.001; Fig. 3b). In fact, a negligibly small amount of culturable bacteria was recovered in 
the Dry-w-cont-V case, which implies high sensitivity to dryness for these species. Mainelis et al.17 also showed 
that very few colonies were formed from electrostatically collected P. fluorescens on an agar plate, which was 
attributed to the significant desiccation stress during continued exposure to air flow. Hydration of bacteria during 
sampling is thus critical and highly recommended if they are analyzed by culturing methods after sampling. The 
recovery rates of gram-positive M. luteus were higher than those of gram-negative P. fluorescens for all the cases, 
showing better resistance to environmental stresses that can encounter in electrostatic sampling and vortexing.
Another explanation for the higher inactivation of bacteria in the dry-phase sampling (Dry-w-cont-V) com-
pared to the wet-phase sampling (Wet-w-cont-V) may be due to higher adhesion of highly charged bacteria to 
the dry surface of the containers with opposite polarity. The Hamaker constant between bacteria and a surface 
is higher without liquids, and hence higher adhesion force can occur between the dry surfaces of bacteria and 
the  container27. This would make bacterial membrane deformed to increase the contact areas to the surfaces, 
and therefore, higher shear stress can be applied to the cells when detaching the deformed cells from the surface 
using vortexing in the dry-phase sampling compared with the wet-phase sampling. High shear stress and high 
adhesion force are known to significantly decrease viability of  bacteria28,29. In fact, specific intracellular reactive 
oxygen species increased with the shear stress on Bacillus subtilis, through possible activation of a plasma mem-
brane bound enzyme such as NADH oxidase, resulting in apoptosis-like programmed cell  deaths28. Similarly, 
the recovery rate of P. fluorescens was higher in case of Wet-w-cont-NV than Wet-w-cont-V (p = 0.003), showing 
Figure 1.  Representative fluorescence micrographs of P. fluorescens deposited on the surfaces of plastic 
containers and a thin polyimide film for a case of Wet-w/o-cont-NV after removing media. Four different 
sampling protocols were used in the EPC (− 5 kV) with a sampling medium of 1 × phosphate buffered saline: 
Wet-w-cont-NV (Wet sampling with a container, but no vortexing after the sampling), Wet-w-cont-V (Wet 
sampling with a container and subsequent vortexing after the sampling), Wet-w/o-cont-NV (Wet sampling on 
a polyimide film of the EPC electrode with no vortexing afterwards), and Dry-w-cont-V (Dry sampling with a 
container and subsequent vortexing after buffer addition). A great number of bacterial cells were attached to the 
surfaces when no vortexing was applied after electrostatic sampling (Wet-w/o-cont-NV and Wet-w-cont-NV).
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the effects of vortexing on the viability of the bacteria. This implies that the bacteria stuck to the surface were 
more inactivated compared with the suspended or weakly bound ones. The difference in viability may result 
from the higher shear stress caused during the detachment of deposited bacteria via vortexing. The suspended 
or weakly bound bacteria can be easily extracted by gentle pipetting; hence no significant shear stress can be 
applied to them.
The RTBCs of P. fluorescens and M. luteus were 2.3 and 3.6 times higher, respectively, in the EPC (Wet-w-
cont-V) than the BioSampler despite the lower intrinsic collection efficiencies and sampling flow rate. This result 
was due to 40 times smaller amount of sampling media used in the EPC, which was made possible because of 
small sample velocity (~ 0.34 m/s compared to ~ 313 m/s of the BioSampler) in the  EPC25,26. Acquiring highly 
concentrated samples is critical for on-site detection of airborne bacteria because the concentration of bacteria 
Figure 2.  Collection efficiencies of (a) P. fluorescens and (b) M. luteus in the EPC (− 5 kV) using different 
sampling protocols and in the BioSampler with a sampling medium of 1 × phosphate buffered saline. The total 
collection efficiencies were compared with the fractions of bacterial cells remaining in the EPC when four 
different sampling protocols were used. The Loss on the Container in case of Wet-w/o-cont-NV indicates 
the particle losses attached to a thin polyimide film. Wet-w-cont-NV (Wet sampling with a container, but no 
vortexing after the sampling), Wet-w-cont-V (Wet sampling with a container and subsequent vortexing after 
the sampling), Wet-w/o-cont-NV (Wet sampling on a polyimide film of the EPC electrode with no vortexing 
afterwards), and Dry-w-cont-V (Dry sampling with a container and subsequent vortexing after buffer addition).
Figure 3.  Relative total bacterial concentrations (a) and recovery rates (b) of P. fluorescens and M. luteus eluted 
into sampling media of 1 × phosphate buffered saline in the EPC (− 5 kV) and in the BioSampler. Four different 
sampling protocols were used in the EPC. Wet-w-cont-NV wet sampling with a container, but no vortexing after 
the sampling, Wet-w-cont-V wet sampling with a container and vortexing after the sampling, Wet-w/o-cont-NV 
wet sampling on a polyimide film of the EPC electrode with no vortexing, Dry-w-cont-V dry sampling with a 
container and subsequent vortexing after buffer addition.
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in the air is usually very low, and the higher sample concentration the more quickly and reliably sensors can 
detect on the  spot25,26.
A substantial amount of bacteria were deposited via electrophoresis, and inactivation of airborne bacteria 
occurred during dry-phase sampling and bacterial detachment. This observation was based on a sampling media 
of 1 × PBS, and different sampling media, which can change the interactions between bacteria and surrounding 
media, were explored for higher physical collection and biological recovery of bacteria. A sampling protocol of 
Wet-w-cont-V was used in the following experiments.
Influences of sampling media. Figure 4a shows the RTBCs of the bacteria collected in the EPC (− 5 kV) 
when PBS, sodium dodecyl sulfate (SDS), and DI water were used as sampling media. The RTBCs of P. fluore-
scens in the EPC were significantly lower than those of M. luteus (p = 0.01), which can be ascribed to its lower 
aerosol concentrations relative to those of its initial suspensions (Fig. S1). In fact, the aerosol concentration of P. 
fluorescens through the aerosol pathway was lower than that of M. luteus relative to the concentrations of respec-
tive initial suspensions (p = 0.0262).
The number of bacteria attached to the bottom surfaces of the containers was also quantified immediately 
before and after vortexing following electrostatic capture (Fig. S2). Almost all M. luteus in the containers were 
attached to the bottom surface whereas some of the P. fluorescens in the container were in the media, which may 
Figure 4.  Relative total bacterial concentrations (a) and recovery rates (b) of P. fluorescens and M. luteus in 
the EPC (− 5 kV) for deionized (DI) water, phosphate buffered saline (PBS) and sodium dodecyl sulfate (SDS) 
diluted with DI water.
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be due to difference in the number of elementary charges attached to the bacteria through corona charging. 
The measured average number of elementary charges of M. luteus and P. fluorescens was 547 ± 34 and 427 ± 25, 
respectively.
It is interesting that the recovery rates of P. fluorescens were higher in SDS (except for 0.1%) than in DI water 
and 1 × PBS (p < 0.0002; Fig. 4b), which is commonly used for bioaerosol sampling. The recovery rates of the 
bacteria from 0.01% SDS were higher than those from the other non-surfactant sampling media tested (p < 0.0001; 
Fig. 4b). This result can be ascribed to reduced adhesion force by the surfactant, considering that cell lyses in this 
surfactant concentration was negligible during a storage time of up to 30 min (Fig. S3). As the contact areas of 
bacterial cells are increased with the adhesion force, the shape of the cells as well as the integrities of the mem-
brane can be changed. This stress may result in inactivation of the  bacteria29. Since gram-negative P. fluorescens 
has a thinner cell wall compared with the gram-positive M. luteus, it may be more susceptible to the stress acting 
on the cell. From these results, intermediate PBS concentration from 0.01 × to 0.1 × and SDS concentration from 
0.001% to 0.01% can be suitable for sampling media of airborne bacteria in the EPC. Lower recovery rates of the 
bacteria in 0.1% SDS were observed, which may be due to lysis of the bacteria during the sampling and  storage30.
Since sampling media should be appropriate for a long-term storage as well, the time-dependence of the bac-
terial culturability was investigated in selected sampling media (Fig. S3). The culturable bacterial concentrations 
did not significantly change after 8-h-storage at 24 °C in DI water, 1 × PBS, and 0.01% SDS, except for M. luteus 
in 0.01% SDS. The culturability of M. luteus in 0.01% SDS gradually decreased with the storage time because of 
the possible damage of the bacterial cells in the detergent solution compared with the other non-detergent ones. 
Moreover, a significantly lower number of culturable M. luteus were recovered from 0.1% SDS compared with 
those in the other SDS concentrations tested and the other non-surfactant sampling media (Fig. 4b), showing 
that M. luteus is vulnerable to high concentration SDS.
Influences of applied voltage. The effects of applied voltage in the EPC on the recovery of these bacteria 
were investigated using 0.01% SDS. The RTBCs increased with the increasing magnitude of applied voltage in 
the EPC because of the increased electric field intensity and attractive force (Fig. 5a). Consequently, the RTBCs 
of both bacteria were more than 2.7 times higher in the EPC (− 10 kV) than in the BioSampler. Figure 5b shows 
that the recovery rates of P. fluorescens and M. luteus in the EPC reached maxima at the applied voltage at − 5 kV 
and − 7 kV respectively. The lower recovery rates at the lower magnitudes of applied voltage may be due that 
only highly charged bacterial cells can be collected at the low electric field intensities. Because the viability of 
airborne bacteria can decrease with increase in their acquired net  charges31, the recovery rate will be low if many 
of the collected bacteria are highly charged. On the other hand, the lower recovery rates of the bacteria at higher 
applied voltages might be due to the cell damage by high electric field  intensity25,32. Moreover, the adhesion force 
of the bacteria can also be high at the high electric potential on the surface, thus inducing more stresses to the 
cells. Abrupt change in their membrane potential might occur at the interfaces between the air and the collection 
liquid, and between the liquid and the solid surface of the container. Given that the magnitude of applied volt-
age for the maximum recovery rate was higher for M. luteus than for P. fluorescens, M. luteus is considered more 
resistant to the stress induced by high electric field. The maximum recovery rates of P. fluorescens and M. luteus 
were 36.0% and 69.8% respectively in the EPC, while those in the BioSampler were 19.8% and 49.9% respectively.
Figure 5.  Relative total bacterial concentrations (a) and recovery rates (b) of P. fluorescens and M. luteus in 
the EPC with different applied voltages (from 0 to − 10 kV) and in the BioSampler with a sampling medium 
of 0.01% sodium dodecyl sulfate. The thinner horizontal lines represent standard deviations of the respective 
average values in the BioSampler. The statistical differences between the values in the EPC and those in the 
BioSampler were indicated as asterisks (*p < 0.05, **p < 0.005, ***p < 0.0001).
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Conclusions
Effects of the sampling media and protocols on the recovery of airborne bacteria were investigated using the 
personal EPC and the BioSampler towards rapid detection. A substantial amount of bacterial cells were deposited 
onto the surface of a plastic container or film on the collection electrode of the EPC via the electrophoresis of 
charged bacteria under electrostatic field. Therefore, we may need to prevent the electrophoretic deposition of 
particles or to re-suspend the deposited particles into the sampling media. Among the tested sampling protocols, 
a method of Wet-w-cont-V (Wet sampling with a container and subsequent vortexing after the sampling) offered 
the most bacteria in the sampling media. Although it is difficult to clarify the exact inactivation mechanisms 
of the bacteria in the EPC, a few were possible reasons. Adhesion force induced stress can be a cause of the 
decreased viability of the bacteria, especially for gram-negative P. fluorescens, when comparing the cases between 
(i) wet-phase and dry-phase sampling, (ii) no-vortexed and vortexed bacteria, (iii) surfactants and non-surfactant 
sampling media, and (iv) intermediate and high applied voltage in the EPC. The recovery rates of P. fluorescens 
and M. luteus were significantly higher in the EPC compared with the BioSampler, when 0.01% SDS was used 
as a sampling medium to decrease the adhesion force of the bacteria. These findings showed the importance of 
sampling media in electrostatic sampling, and would be valuable in the field of bioaerosol sampling and detec-
tion using electrical or electrochemical methods.
Materials and methods
Preparation of bacterial suspension. Gram-negative P. fluorescens (ATCC 13525) and gram-positive 
M. luteus (ATCC 4698) were used in this study as examples of relatively sensitive and sturdy airborne bacteria 
 respectively4. P. fluorescens is rod-shaped with the diameter from 0.7 to 0.8 μm and the length ranging from 1.5 
to 3.0 μm33. M. luteus is sphere-shaped and ranges from 0.9 to 1.8 μm in  diameter34. Tryptic soy broth (TSB) 
of 20 mL was inoculated with a 100 μL glycerol stock (25%) of P. fluorescens and M. luteus, and incubated at 
160 rpm and 30 °C for 24 and 18 h, respectively. The cultures were centrifuged at 2862g (4000 rpm) for 10 min to 
separate the cells from the media. Resulting pellets were re-suspended in 20 mL DI water and washed 1–2 times 
by centrifugation at the same condition. The bacterial suspensions for nebulization were made by suspending the 
washed pellets in 40–50 mL of DI water. The CFU concentrations of P. fluorescens and M. luteus in the suspen-
sions were 1.85 (± 0.61) ×  108 and 2.09 (± 0.80) ×  108 CFU/mL, respectively (the values in the parentheses indicate 
respective standard deviations). The concentrations of P. fluorescens and M. luteus in the air can be estimated to 
be 2.45 (± 0.59) ×  108 CFU/m3 and 2.86 (± 0.63) ×  108 CFU/m3 respectively, for a sampling medium of 1 × PBS in 
the EPC (Wet-w-cont-V) by neglecting losses in the recovery rate during aerosolization (Eq. 6).
Experimental setup. Designs of the EPC and the positive corona charger were published in the previous 
 study26, and the experimental setup was constructed for generation, sampling, and measurement of the bacterial 
aerosols. A polystyrene container (inner diameter: 25 mm, inner height: 4.5 mm, wall thickness: 0.5 mm) was 
mounted onto the collection electrode of the EPC (Fig. S4), and employed for stable storage of sampling media 
and vortexing of the collected sample. A smooth and thin film of polyimide tape was attached onto the inner 
bottom surface of the container for clear fluorescence imaging.
The prepared bacterial suspensions were nebulized by a 3-jet Collison nebulizer (Mesa Laboratories, CO, 
USA) with 3.0 L/min of clean and dry air. The air was supplied by passing compressed air through a clean air 
supply (Dekati, Finland) and controlling the flow rate using mass flow controllers (model 5850E, Brooks Instru-
ment, PA, USA). The nebulized bacterial aerosols were dried in a diffusion dryer (HCT, Republic of Korea) and 
charge-neutralized using a diffusion neutralizer (model 5.622, GRIMM, Germany). The aerosols were then 
diluted with 10 L/min of the clean and dry air to obtain 13 L/min of bacterial aerosols. The temperature and 
relative humidity of the bacterial aerosol were measured by a  Traceable® hygrometer and they were 24 (± 1) °C 
and 16% (± 3%) respectively (the values in the parentheses indicate respective standard deviations). The average 
elementary charges of airborne bacteria were measured with an electrometer (Charme, Palas, Germany). The 
particle size distributions of the generated bacterial aerosols were measured using an optical particle counter 
(OPC) (model 1.109, GRIMM, Germany). Measured geometric mean optical diameters of P. fluorescens and M. 
luteus were 0.68 and 0.73 μm, respectively.
Experimental procedure. For the sampling of bacterial aerosols, an air flow rate of 1.2 L/min and a vol-
ume of 0.5 mL for sampling media were used in the EPC. A flow rate of 12.5 L/min and sampling media volume 
of 20 mL were used in the BioSampler as the optimal operating conditions. Applied voltages in the EPC and the 
corona charger were set to − 5.0 kV and + 3.0 kV, respectively. The sampling time was 10 min for all cases.
Different sampling protocols were used in the EPC in order to investigate the effects of wet sampling and 
vortexing after the sampling. Here, 0.5 mL of 1 × PBS (0.8% NaCl, 0.02% KCl, 0.061%  Na2HPO4, and 0.019% 
 KH2PO4) was used as an isotonic sampling medium for bacteria. In case of Wet-w/o-cont-NV, the medium was 
spread on a thin circular polyimide film (diameter: 24 mm and thickness: 0.2 mm) attached on the collection 
electrode of the EPC instead of the plastic container. In case of Wet-w-cont-NV, the container was mounted on 
the electrode, the medium was put in the container, and no vortexing was applied after the sampling. For the case 
of Wet-w-cont-V, both the container and sampling medium were used, and vortexing was carried out after the 
sampling. In case of Dry-w-cont-V, dry-phase sampling was conducted, in which the medium was added after 
sampling for subsequent vortexing. Vortexing in these two cases was carried out for 10 s after covering the con-
tainer with a polyethylene cap. The collected liquid samples were transferred to micro tubes by gentle pipetting for 
culture assay and fluorescence microscopy analysis. After sampling, the containers were cleaned for reuse using 
lint-free wipers with 70% ethanol. The same media were used in the BioSampler for comparison with the EPC.
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Wet-w-cont-V was conducted in the EPC for different concentrations of sampling media to investigate their 
effects on the physical collection and biological recovery of the bacteria. PBS concentrations were varied from 
0 × to 1 ×, and SDS (SR1010-100-00, Biosesang, Korea) was used as an anionic surfactant to reduce adhesion and 
easily detach the deposited particles from the surface of the container. Because high concentration of SDS (~ 1%) 
is generally used for cell lysis, lower concentrations from 0 to 0.1% were used for the present sampling purpose. 
PBS and SDS were diluted with DI water to make different concentrations. In order to investigate the suitability of 
SDS for bacterial storage at 24 °C, time-dependent culturability of the bacteria in 0.01% SDS was measured, and 
compared with that in DI water and 1 × PBS. Lastly, the effects of applied voltage on the recovery of the bacteria 
were investigated varying the EPC voltage from 0 to − 10 kV when 0.01% SDS was used as a sampling medium.
Evaluation of sampling. The “Total Collection Efficiency” was calculated based on the particle number 
concentration measured by the OPC before the charger and at the outlet of the samplers; however, it does not 
represent the actual particle collection in the sampling media. The bacterial cells present in the EPC during 
sampling consisted of the fractions of (i) the cells deposited on the surfaces of the charger and the EPC exclud-
ing the collection electrode owing to corona discharge; (ii) the cells deposited on the surfaces of the container 
or the polyimide film on the collection electrode; and (iii) the cells suspended in the sampling media with or 
without vortexing in the EPC. The fraction (i) is denoted by the “Charging Loss” in the EPC, and was calculated 
by subtracting (ii) and (iii) from particle reduction measured by the OPC after the onset of corona charging at 
an applied voltage of 0 kV. The fractions (ii) and (iii) are denoted by “Loss on the Container” and “Collection in 
Liquid”, respectively.
The fluorescence microscopic enumeration of the bacterial cells was conducted as follows. The cells in the 
microtubes and on the surfaces of the containers were stained with 1–2 μM SYTO 9 at 37 °C for 1 h. The fluores-
cence images were taken using a microscope (Eclipse 80i, Nikon, Japan) and a CCD camera (Cool SNAP HQ2, 
Photometrics, AZ, USA). For liquid samples, 10 μL of the sample was placed on a 24 × 24  mm2 cover glass and 
covered with another cover glass to make a thin film of microscope specimen, and at least 9 images were taken 
using a 10 × objective lens. In addition, at least 9 fluorescent images were taken from the surface of the container 
without peeling off the film using a 20 × objective lens after the collection liquids were removed and the container 
was air-dried for several minutes. The number of stained cells were counted using an image processing software, 
image J (National Institutes of Health, MD, USA). The counting was based on the integrated fluorescence intensity 
of the image divided by that of single cells. The intrinsic collection efficiency was calculated as:
where  Csample is the total bacterial concentration in the sampling media measured by the fluorescence microscopy 
(#/mL), V is the volume of a sampling medium (mL),  COPC is the aerosol concentration measured by the OPC 
before the charger (#/L), Q is a sampling flow rate (L/min), and t was a sampling period (min). The particle loss 
on the container was also calculated as following:
where  Ncontainer is the total number of particles on the surface of the container, measured by the fluorescence 
microscopy.
The total and viable bacterial concentrations are important performance characteristics of bioaerosol sam-
plers. The RTBC and RCBC (relative culturable bacterial concentration) were calculated by dividing the con-
centrations in the sampling media by those in the initial nebulizing suspensions:
where  Cinitial is the total bacterial concentration in the initial suspension, and  CFUsample and  CFUinitial are the 
culturable bacterial concentrations in the sampling media and initial suspension, respectively. The CFUs were 
obtained using the spread plate method with the tryptic soy agar described earlier. Another important factor is 
the recovery rate, which indicates a degree of preservation of bacterial culturability (or viability) during aero-
solization and sampling. The recovery rate was calculated by dividing the RCBC by the RTBC:
Culturable bacterial concentration in air,  CFUair (CFU/m3), can be estimated by neglecting losses in the 
recovery rate during aerosolization, and is given by








































Scientific Reports |        (2021) 11:14598  | https://doi.org/10.1038/s41598-021-94033-7
www.nature.com/scientificreports/
Statistical analysis. Every experiment in this study was conducted in quadruplicate. The average values 
of the experimental data are shown in the figures, and their respective standard deviations are indicated as 
error bars. Statistical difference was examined using the unpaired Student’s t-test with Welch’s correction, and a 
p-value (two-tailed) less than 0.05 was considered significantly different.
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References
 1. Douwes, J., Thorne, P., Pearce, N. & Heederik, D. Bioaerosol health effects and exposure assessment: Progress and prospects. Ann. 
Occup. Hyg. 14, S46–S46 (2003).
 2. Xu, Z. et al. Bioaerosol science, technology, and engineering: Past, present, and future. Aerosol Sci. Technol. 45, 1337–1349 (2011).
 3. Dybwad, M., Skogan, G. & Blatny, J. M. Comparative testing and evaluation of nine different air samplers: End-to-end sampling 
efficiencies as specific performance measurements for bioaerosol applications. Aerosol Sci. Technol. 48, 282–295 (2014).
 4. Stewart, S. L. et al. Effect of Impact stress on microbial recovery on an agar surface. Appl. Environ. Microbiol. 61, 1232–1239 (1995).
 5. King, M. D. & McFarland, A. R. Bioaerosol sampling with a wetted wall cyclone: Cell culturability and DNA integrity of Escherichia 
coli bacteria. Aerosol Sci. Technol. 46, 82–93 (2012).
 6. Han, T., An, H. R. & Mainelis, G. Performance of an electrostatic precipitator with superhydrophobic surface when collecting 
airborne bacteria. Aerosol Sci. Technol. 44, 339–348 (2010).
 7. Han, T. T., Thomas, N. M. & Mainelis, G. Design and development of a self-contained personal electrostatic bioaerosol sampler 
(PEBS) with a wire-to-wire charger. Aerosol Sci. Technol. 51, 903–915 (2017).
 8. Ma, Z. et al. Development of an integrated microfluidic electrostatic sampler for bioaerosol. J. Aerosol Sci. 95, 84–94 (2016).
 9. Park, J. W., Park, C. W., Lee, S. H. & Hwang, J. Fast monitoring of indoor bioaerosol concentrations with ATP bioluminescence 
assay using an electrostatic rod-type sampler. PLoS One 10, e0125251. https:// doi. org/ 10. 1371/ journ al. pone. 01252 51 (2015).
 10. Park, J. W., Kim, H. R. & Hwang, J. Continuous and real-time bioaerosol monitoring by combined aerosol-to-hydrosol sampling 
and ATP bioluminescence assay. Anal. Chim. Acta 941, 101–107 (2016).
 11. Roux, J.-M., Kaspari, O., Heinrich, R., Hanschmann, N. & Grunow, R. Investigation of a new electrostatic sampler for concentrating 
biological and non-biological aerosol particles. Aerosol Sci. Technol. 47, 463–471 (2013).
 12. Roux, J. M. et al. Development of a new portable air sampler based on electrostatic precipitation. Environ. Sci. Pollut. Res. 23, 
8175–8183 (2016).
 13. Tan, M., Shen, F., Yao, M. & Zhu, T. Development of an automated electrostatic sampler (AES) for bioaerosol detection. Aerosol 
Sci. Technol. 45, 1154–1160 (2011).
 14. Han, T. & Mainelis, G. Design and development of an electrostatic sampler for bioaerosols with high concentration rate. J. Aerosol 
Sci. 39, 1066–1078 (2008).
 15. Zhen, H., Han, T., Fennell, D. E. & Mainelis, G. Release of free DNA by membrane-impaired bacterial aerosols due to aerosoliza-
tion and air sampling. Appl. Environ. Microbiol. 79, 7780–7789 (2013).
 16. Li, C. S., Hao, M. L., Lin, W. H., Chang, C. W. & Wang, C. S. Evaluation of microbial samplers for bacterial microorganisms. Aerosol 
Sci. Technol. 30, 100–108 (1999).
 17. Mainelis, G. et al. Collection of airborne microorganisms by electrostatic precipitation. Aerosol Sci. Technol. 30, 127–144 (1999).
 18. Lindsley, W. G. et al. Sampling and Characterization of Bioaerosols (National Institute for Occupational Safety and Health, 2017).
 19. Chang, C.-W., Lin, M.-H., Huang, S.-H. & Horng, Y.-J. Parameters affecting recoveries of viable Staphylococcus aureus bioaerosols 
in liquid-based samplers. J. Aerosol Sci. 136, 82–90 (2019).
 20. Chang, C.-W., Chou, F.-C. & Hung, P.-Y. Evaluation of bioaerosol sampling techniques for Legionella pneumophila coupled with 
culture assay and quantitative PCR. J. Aerosol Sci. 41, 1055–1065 (2010).
 21. Mainelis, G. Bioaerosol sampling: Classical approaches, advances, and perspectives. Aerosol Sci. Technol. 54, 496–519 (2020).
 22. Singh, R., Hong, S. & Jang, J. Label-free detection of influenza viruses using a reduced graphene oxide-based electrochemical 
immunosensor integrated with a microfluidic platform. Sci. Rep. 7, 42771 (2017).
 23. Bhardwaj, J., Sharma, A. & Jang, J. Vertical flow-based paper immunosensor for rapid electrochemical and colorimetric detection 
of influenza virus using a different pore size sample pad. Biosens. Bioelectron. 126, 36–43 (2019).
 24. Devarakonda, S., Singh, R., Bhardwaj, J. & Jang, J. Cost-effective and handmade paper-based immunosensing device for electro-
chemical detection of influenza virus. Sensors. 17, 2597. http:// www. mdpi. com/ 1424- 8220/ 17/ 11/ 2597 (2017).
 25. Bhardwaj, J., Kim, M.-W. & Jang, J. Rapid airborne influenza virus quantification using an antibody-based electrochemical paper 
sensor and electrostatic particle concentrator. Environ. Sci. Technol. 54, 10700–10712 (2020).
 26. Hong, S., Bhardwaj, J., Han, C. H. & Jang, J. Gentle sampling of submicrometer airborne virus particles using a personal electrostatic 
particle concentrator. Environ. Sci. Technol. 50, 12365–12372 (2016).
 27. Batra, A., Paria, S., Manohar, C. & Khilar, K. C. Removal of surface adhered particles by surfactants and fluid motions. Aiche J. 47, 
2557–2565 (2001).
 28. Sahoo, S., Rao, K. K. & Suraishkumar, G. K. Reactive oxygen species induced by shear stress mediate cell death in Bacillus subtilis. 
Biotechnol. Bioeng. 94, 118–127 (2006).
 29. Liu, Y., Strauss, J. & Camesano, T. A. Adhesion forces between Staphylococcus epidermidis and surfaces bearing self-assembled 
monolayers in the presence of model proteins. Biomaterials 29, 4374–4382 (2008).
 30. Yu, Z. & Morrison, M. Improved extraction of PCR-quality community DNA from digesta and fecal samples. Biotechniques 36, 
808–812 (2004).
 31. Mainelis, G. et al. Effect of electrical charges and fields on injury and viability of airborne bacteria. Biotechnol. Bioeng. 79, 229–241 
(2002).
 32. Yao, M., Mainelis, G. & An, H. R. Inactivation of microorganisms using electrostatic fields. Environ. Sci. Technol. 39, 3338–3344 
(2005).
 33. Qian, Y. G., Willeke, K., Ulevicius, V., Grinshpun, S. A. & Donnelly, J. Dynamic size spectrometry of airborne microorganisms—
Laboratory evaluation and calibration. Atmos. Environ. 29, 1123–1129 (1995).
 34. Wake, D., Bowry, A. C., Crook, B. & Brown, R. C. Performance of respirator filters and surgical masks against bacterial aerosols. 
J. Aerosol Sci. 28, 1311–1329 (1997).
Acknowledgements
This work was supported by the National Research Foundation of Korea (NRF) grant (2020R1A2C1011583), by 
the ITRC (Information Technology Research Center) support program (IITP-2020-2017-0-01635) supervised 
10
Vol:.(1234567890)
Scientific Reports |        (2021) 11:14598  | https://doi.org/10.1038/s41598-021-94033-7
www.nature.com/scientificreports/
by the IITP (Institute for Information and communications Technology Promotion), by Basic Science Research 
Program through the NRF funded by the Ministry of Education (2020R1A6A1A03040570), and the Institute of 
Civil Military Technology Cooperation funded by Defence Acquisition Program Administration and Ministry 
of Trade Industry and Energy of Korean government (UM19402RD4).
Author contributions
S.H. conceived, designed, performed the experiments, and analyzed the data; M.-W.K. performed the experi-
ments; J.J. conceived and supervised this study; all the authors contributed to writing this manuscript.
Competing interests 
The authors declare no competing interests.
Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 021- 94033-7.
Correspondence and requests for materials should be addressed to J.J.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.
© The Author(s) 2021
